The influence of gravity on a suspension of sterically stabilized colloidal gibbsite platelets is studied. An initially isotropic-nematic biphasic sample of such a suspension develops a columnar phase on the bottom on prolonged standing. This phenomenon is described using a simple osmotic compression model. We performed Monte Carlo simulations of cut spheres with aspect ratio L/D ϭ1/15 and took data from the literature to supply the equations of state required for the model. We find that the model describes the observed three-phase equilibrium quite well.
I. INTRODUCTION
The influence of gravitational compression on suspensions of colloidal particles has received attention for a long time. At the beginning of the previous century Jean Perrin 1, 2 verified with simple yet brilliant experiments that the concentration of colloidal particles in dilute suspension varied exponentially with height when allowed to reach dynamic equilibrium in the earth's gravitational field. From these measurements he obtained Avogadro's number. The extension of the ideas of Perrin to interacting systems has also appeared to be very fruitful. [3] [4] [5] [6] Crandall and Williams 7 measured the effect of the earth's gravitational field on the lattice constant of a colloidal crystal of polystyrene spheres. Perhaps even more interesting is the effect of gravity on multiple phases. Takano and Hachisu 8 pioneered the measurement of the coexistence pressure of the disorder-order transition in a sedimented dispersion of monodisperse latex particles. At an electrolyte concentration of 10 mM they found good agreement with results of computer simulations for hard spheres. 9 Hachisu and Takano 10 and later Piazza, Bellini, and Degiorgio 11 and Rutgers and co-workers 12 explored the possibility to obtain the equation of state both in the fluid as well as the crystal state from the concentration profile as a function of height. In all three cases good agreement with the hard-sphere equation of state was obtained at sufficiently high salt concentration. The equivalent of this in computer simulations was done by Biben, Hansen, and Barrat. 13 For anisotropic particles, i.e., rods and plates, experiments are much more limited. Colloidal hard rods and plates show intrinsically richer phase behavior than hard spheres due to their shape. Apart form the isotropic fluid (I) and crystal phase, the nematic (N), smectic and columnar (C) phases are encountered, so when the effect of gravity is also taken into account, this allows for the simultaneous coexistence of more than two phases. Only a few observations are available. In the 1950s, Oster 14 reported on an I-N biphasic suspension of tobacco mosaic virus rods that developed a third ͑Smectic-A) phase on the bottom of the sample after some time, an observation that was later confirmed by Kreibig and Wetter. 15 In neither case, a quantitative analysis was performed. Brian, Frisch, and Lerman 16 investigated sedimented suspensions of DNA-fragments at high salt concentration and analyzed their results in terms of a scaled particle theory equation of state.
Very recently, a model system of hard plates was developed in our laboratory, consisting of sterically stabilized gibbsite platelets dispersed in toluene. 17 This suspension showed the liquid crystal phase transitions predicted for such particles, 18, 19 i.e., isotropic to nematic 17 and nematic to columnar. 20 On prolonged standing we find that an initially biphasic I-N sample developed a third phase on the bottom that we identify as a columnar phase on the basis of the optical Bragg reflections. This phenomenon can be explained by a simple osmotic compression model. 21, 22 Using equations of state obtained from literature and from Monte Carlo computer simulations that we performed, we find good agreement with the experimentally determined individual phase heights.
II. EXPERIMENTAL SECTION
We synthesized a colloidal suspension of sterically stabilized gibbsite ͓Al(OH) 3 ͔ platelets according to van der Kooij and Lekkerkerker. 17 Transmission electron microscopy ͑TEM͒ and atomic force microscopy were used to determine the average diameter and thickness of the particle core, thus disregarding the steric stabilizer. We found ͗D͘ϭ230 nm and ͗L͘ϭ13 nm and a polydispersity of about 22% in both dimensions. The thickness of the sterically stabilizing polyisobutene brush is estimated at 2-3 nm, where we take into account a certain maximum stretching length for the polymer at this specific molar weight and an estimate for the extent of the steric repulsion. This gives us effective dimensions of D eff ϭ235 nm and L eff ϭ18 nm and hence an aspect ratio of L/DϷ1/13. Figure 1 shows a TEM micrograph of the platelets.
We investigated the phase behavior in the gravitational field by preparing a sample of this dispersion at a concentration in the I-N biphasic gap, in a glass cell with a height of about 30 mm. On a time scale of several days, the sample separated into an isotropic upper phase and a birefringent nematic lower phase. The phase-separated sample was investigated on a regular basis for one and a half year. After a few months, a third phase evolved on the bottom of the cell, which appeared to be a columnar phase, see Fig. 2 . The columnar phase developed bright Bragg reflections ͑deep red to blue, depending on the angle of the incident light͒ in time. After one year, the sample did not show any appreciable change anymore and we found the heights of the phases to be 15.5, 8.5, and 2.5 mm for the isotropic, nematic, and columnar phase, respectively.
III. MODEL A. Sedimentation-diffusion equilibrium
Consider a suspension of monodisperse, hard disks with number density n(z) and buoyant mass m*ϭv p ( p Ϫ 0 ), with v p the single particle volume and p and 0 the mass densities of the particle and solvent, respectively. When sedimentation-diffusion equilibrium is reached, Eq. ͑1͒ describes the complete system:
To simplify the approach, we define reduced quantities. The pressure will be given by ⌸ ϭ⌸D 3 /k B T, the gravitational length scale ϭk B T/m*g, and the reduced concentration c ϭnD 3 . Substituting these expressions in Eq. ͑1͒ yields 
B. Equation of state
In order to calculate the individual phase heights for a given overall concentration from Eqs. ͑3͒ and ͑9͒ we need to know the equation of state for the various coexisting phases. Zhang, Reynolds, and van Duijneveldt 19 performed MC computer simulations on cut spheres ͑particles obtained by slicing two caps off a sphere of diameter D, at two planes parallel to the equatorial plane with equal distance L/2͒ with aspect ratios of L/Dϭ1/10 and L/Dϭ1/20 and obtained equations of state for both aspect ratios. As our particles have an aspect ratio that is in between these values, we decided to fill the gap ourselves.
We have performed constant-N-P-T Monte Carlo simulations of a system of 1000 cut spheres with aspect ratio L/Dϭ1/15. The box was cubic with independently variable side lengths to accommodate the columnar phase. The equation of state shown in Fig. 3 was obtained by expansion from the columnar phase into the isotropic as well as compression from the isotropic to the columnar. For each pressure we equilibrated for 400 000 MC steps.
The equation of state shows two density jumps indicating first order phase transitions: the I-N transition and the N-C transition. Close to the transitions the system showed a small hysteresis in both cases. This is due to finite simulation time and finite system size-no fluctuation occurred on the time scale of the simulation that took the system over the nucleation barrier to the next phase. We could nevertheless locate the I-N transition to the accuracy we desired for this work, and found c I ϭ3.86 and c NI ϭ4.11, with a corresponding pressure of ⌸ I-N ϭ24.8Ϯ1.0. The hysteresis around the N-C transition, however, was too strong. From the work of Zhang, Reynolds, and van Duijneveldt 19 it appears that the N-C phase transition concentrations ͑expressed as a volume fraction ͒ are independent of the aspect ratio ͑either 1/10 or 1/20͒. Therefore, we interpolate to obtain the N-C transition concentrations in our system and find c NC ϭ7.75 and c C ϭ8.29 using the relation
The pressure at the transition is found to be ⌸ N-C ϭ77.8 Ϯ1.0. The resulting equation of state is plotted in Fig. 3 . In order to use the obtained simulation data in our model, we fitted polynomials to the three branches of the equation of state. Thus, three sets parameters were obtained that are given in Table I .
IV. RESULTS AND DISCUSSION
We now turn to the analysis of the sedimentation equilibrium that we have observed. The key parameter in our system is the gravitational length scale defined above. Taking into account that for our hexagonal particles v p ϭ3/8)D 2 Lϭ6.5ϫ10 Ϫ22 m 3 and p Ϫ 0 ϭ835 kg/m 3 , we find ϭ0.77 mm. The measured total sample height is 26.4 mm, which yields a dimensionless height of H/ϭ34.3. By setting the overall concentration to a concentration in the I-N biphasic gap ͑as imposed by the experiment͒ we calculate the   FIG. 4 . The heights of the individual phases vs aspect ratio, using the values given in Table II . For each phase, the measured ͑horizontal lines͒ and calculated heights ͑lines with symbols͒ are given. Dashed lines refer to the isotropic, solid lines refer to the nematic, and dash-dotted lines refer to the columnar phase. The vertical dotted lines indicate the interval ͑around L/Dϭ1/19) where our experiment is quite well described. Table II and Fig. 4 visualizes the evolution of the calculated phase heights with aspect ratio. From this figure it is clear that at our experimental aspect ratio of 1/13 the phase heights are not correctly predicted. However, a fairly good description is obtained for L/Dϭ1/19. A similar difference is found for a previous study on the same colloidal suspension of sterically stabilized gibbsite platelets. van der Kooij, Kassapidou, and Lekkerkerker 20 found the experimental aspect ratio to be 1/14 for their platelets. Based on an analysis of the I-N and N-C coexistence concentrations, we observe that the ''effective physical'' aspect ratio in their case appears to be slightly lower as well, i.e., L/Dϭ1/17.
A possible reason for the discrepancy between theory and experiment could lie in the shape characteristics of the particles. The experimental platelets are polydisperse hexagonal particles, while the model is based on monodisperse circular disks. Recently, Bates 23 has reported on the influence of particle shape of infinitely thin platelets on the I-N transition. It is found that the transition densities are lowered just by 10% when going from circular to hexagonal platelets. In a study of the influence of polydispersity on the I-N phase transition for infinitely thin hard platelets, Bates and Frenkel 24 find that the transition densities for 22%-polydisperse disks deviate more substantially from the monodisperse values (c I ϭ3.56 and c N ϭ4.75 versus 3.68, respectively, 3.98 for the monodisperse case͒. This leads us to the conclusion that the calculated individual phase heights could very well be influenced by particle shape and polydispersity, although it is unclear to what extent. To address this issue would require an equation of state and the chemical potentials 6 for a system of polydisperse hexagonal platelets.
V. CONCLUSION
We have studied the influence of gravity on a suspension of sterically stabilized colloidal gibbsite platelets ͑hard platelets͒. An initially I-N biphasic sample developed a columnar phase on the bottom of the sample by sedimentation of the particles. This dynamical sedimentation-diffusion equilibrium was reached on a time scale of a year. In order to describe the phenomenon, we used a simple osmotic compression model, requiring an equation of state for the platelets. These were obtained from literature and from Monte Carlo computer simulations that we performed. We find that the model describes the observed three-phase equilibrium quite well, be it for an aspect ratio that is significantly smaller than the experimental value. 
